In-space docking and separation maneuvers o f spacecraft t h a t have l a r g e f l u i d mass f r a c t i o n s may cause undesirable spacecraft motion i n response t o t h e impulsive-acceleration-induced f l u i d motion. An example o f t h i s p o t e n t i a l lowg r a v i t y f l u i d management problem arose d u r i n g t h e development o f t h e s h u t t l e / C e n t a u r vehicle.
Experimentally v e r i f i e d numerical modeling techniques were developed t o e s t a b l i s h t h e p r o p e l l a n t dynamics, and subsequent v e h i c l e motion, associated w i t h t h e separation o f t h e Centaur v e h i c l e from t h e s h u t t l e o r b i t e r cargo bay. Although t h e s h u t t l e / C e n t a u r development a c t i v i t y has been suspended, t h e numerical modeling techniques a r e a v a i l a b l e t o p r e d i c t on-orbit l i q u i d motion r e s u l t i n g f r o m i m p u l s i v e a c c e l e r a t i o n s f o r o t h e r missions and spacecraft. I n t r o d u c t i o n The NASA Lewis Research Center has a long h i s t o r y o f p r o v i d i n g technology f o r t h e design and o p e r a t i o n o f f l u i d system1 i n t h e reducedg r a v i t y environment o f space. program has provided support f o r t h e Centaur vehic l e development e f f o r t i n t h e f o r m o f b o t h analyti c a l and experimental studies. Recently t h e Centaur was b e i n g m o d i f i e d t o make i t compatible w i t h t h e s h u t t l e f o r launch o f t h e G a l i l e o and Ulysses spacecraft. During t h i s Centaur redesign e f f o r t concern arose over t h e dynamics associated w i t h t h e separation o f t h e Centaur v e h i c l e from t h e s h u t t l e cargo bay.

Before separation f r o m t h e s h u t t l e o r b i t e r t h e Centaur v e h i c l e was t o be r o t a t e d o u t o f t h e cargo bay b y a deployment mechanism attached t o t h e Centaur i n t e g r a t e d support s t r u c t u r e ( C I S S ) .
The two v e h i c l e s were then t o be separated b y r e l e a s e o f several CISS-mounted s p r i n g s p o s i t i o n e d c i r c u m f e r e n t i a l l y around t h e a f t Centaur s t r u c t u r e . These s p r i n g s would i m p a r t a s e p a r a t i o n f o r c e t o t h e Centaur v e h i c l e along i t s c e n t r a l a x i s t h a t would y i e l d a d i f f e r e n t i a l v e l o c i t y between t h e o r b i t e r and t h e Centaur o f approximately 1 f t l s e c . However, because o f predeployment s h u t t l e maneuv e r s and atmospheric drag t h e p r o p e l l a n t
i n t h e Centaur v e h i c l e was n o t l i k e l y t o be p o s i t i o n e d symmetrically w i t h respect t o t h e v e h i c l e axis. Consequently t h e r e s u l t i n g s p r i n g f o r c e a t separ a t i o n would probably n o t have acted through t h e c e n t e r o f g r a v i t y o f t h e Centaur vehicle, and T h i s technology
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r o t a t i o n a l motion o f t h e Centaur r e l a t i v e t o t h e o r b i t e r c o u l d have occurred. t h u s arose over whether t h i s p o s s i b l e Centaur r o t a t i o n would be severe enough t o cause impact between t h e Centaur and t h e C I S S o r t h e s h u t t l e o r b i t e r .
A s a f e t y concern T h i s paper presents t h e r e s u l t s obtained from an experimental program conducted i n t h e Lewis Zero-Gravity F a c i l i t y t o study f l u i d motion r e s u l ti n g f r o m an impulsive acceleration. The d a t a were used t o v e r i f y numerical modeling techniques t h a t were t h e n employed t o assess t h e importance o f t h e Centaur separation dynamics concern. The r e c e n t l y released NASA-VOF3D computer code, developed a t t h e Los Alamos N a t i o n a l Laboratory, was employed t o perform t h e numerical modeling. T h i s computer code provides unique treatment o f low-gravity, surface-tension-dominated f l u i d dynamic phenomena so t h a t t h e p r o p e l l a n t motion b e f o r e and a f t e r t h e a p p l i c a t i o n o f t h e a c c e l e r a t i n g f o r c e can be n u m e r i c a l l y modeled. The computer code p r e d i c t s n o t o n l y t h e p r o p e l l a n t motion b u t a l s o t h e r e s u l ti n g pressure f i e l d i n t h e Centaur p r o p e l l a n t tanks. These computer-generated tank pressure f i e l d s can then be employed i n a v e h i c l e dynamics a n a l y s i s t o e s t a b l i s h t h e Centaur motion d u r i n g separation f r o m t h e s h u t t l e cargo bay. Because o f t h e r e l at i v e weights o f t h e l i q u i d hydrogen and oxygen p r o p e l l a n t s t h e i n f l u e n c e o f t h e hydrogen propell a n t motion on t h e r e s u l t i n g Centaur v e h i c l e motion would have been minimal. Consequently t h e experimental and a n a l y t i c a l e f f o r t s focused on p r e d i c t i n g t h e l i q u i d oxygen p r o p e l l a n t motion.
Experimental Program
The major goal o f t h e experimental program was t o v e r i f y t h e c a p a b i l i t y o f a numerical analy s i s t o p r e d i c t t h e behavior o f a l i q u i d subjected t o an i m p u l s i v e acceleration. An e a r l i e r in-house experimental program2 e s t a b l i s h e d p o s s i b l e zerog r a v i t y l o c a t i o n s o f t h e oxygen tank vapor bubble b e f o r e t h e Centaur separation. The work r e p o r t e d on h e r e i n examined t h e subsequent liquid-vapor bubble motion r e s u l t i n g f r o m an impulse s i m i l a r , b u t n o t scaled, t o t h e separation maneuver. Scali n g was n o t attempted because t h e s h u t t l e / C e n t a u r program was faced w i t h t h e challenge o f launching t h e G a l i l e o and Ulysses spacecraft d u r i n g t h e second q u a r t e r o f 1986. Consequently t h e program used e x i s t i n g hardware so t h a t t h e experimental d a t a c o u l d be obtained i n t i m e t o support t h e p r o j e c t e d launch date.
Zero-Gravity Facility
The Zero-Gravity Facility (Fig. 1) consists of a concrete-lined 8.7-m-diameter shaft that extends 155 m below ground level. A steel vacuum chamber, 6.1 m in diameter and 142 m high, i s contained within the concrete shaft. By using the Lewis wind tunnel exhaust system in series with vacuum pumps located in the facility, the pr ssure in the v cuum chamber is reduced to 13.3 N/m 5 (1.3~10-4 atm). The residual air in the drop than 10-2 g, thus providing an essentially zerochamber after pumpdown does produce a very low drag on the experimental drop package, but this force results in an equivalent acceleration acting on the p ckage that is estimated to be no greater gravity environment. top of the chamber results in approximately 5 sec of free-fall time. The packcge is suspended from the top of the vacuum chamber by a support shaft (connected to the cylindrical section of the package) on a hinged-plate assembly. Once chamber pumpdown is completed, the package is released by pneumatically shearing a bolt that holds the hinged plate in a closed position. Following the free-fall period the package is decelerated at the bottom of the chamber in a cart filled with small pellets of expanded polystyrene. After the drop the vacuum chamber is vented to the atmosphere and the drop package is returned to ground level.
Experimental Drop Package
The experimental drop package (Fig. 2) consisted of a cylindrical section housing the experimental apparatus and the electrical systems. A closer view of the experimental apparatus is shown in Fig. 3 and a schematic diagram in Fig. 4 . Located below the test tray were 28-V battery packs that supplied and regulated direct current to the experiment.
The hardware mounted on the test tray (Fig. 2) included a high-speed motion picture camera, a digital clock, a lighting system, and the test tank. The test tank was mounted on a cradle fastened to a linear bearing slide assembly (Fig. 3) . During the drop a lateral acceleration was applied to the test tank by an air cylinder system (Fig. 4) . The air cylinder consisted of a piston head (inside the cylinder walls) and a piston shaft, which extended beyond the end of the cylinder. The piston shaft was designed to push against the test tank frame, which was held in place with a retaining pin. retracted by a solenoid. surized air cylinder to impart an acceleration to the test tank. was applied to the tank was controlled by adjusting the length of the piston stroke. Once the piston reached the end of its stroke and no longer was in contact with the tank, the tank slid on the linear bearing at a constant velocity.
Dropping the package from the During the drop the retaining pin was
The time during which the force This allowed the prepresThe length of the linear bearing, and therefore the distance that the tank could travel after being accelerated, was dictated by the experimental drop package dimensions and the need to view the entire carriage displacement. would have been desirable, space was not available on the slide assembly to mount the camera. However, through the use of a wide-angle lens it was possible to view approximately 27 cm of container Although it motion with the rigidly attached camera. fact that the camera was not mounted on the slide assembly made it nearly impossible to precisely measure the fluid motion because of both refraction and parallax effects (discussed in detail in the following section, "Data Analysis"). The tank displacement was measured by tracking the motion of pointers attached to the test tank, against a scale accurate to 1 mm (Fig. 3) .
mounted above the container in the same plane as the tank centerline and in the camera's field of view.
The
The scale was
Test Tank and Liquids
The test tank was an oblate spheroid (ellipsoid) formed from a clear acrylic plastic, with semimajor and semiminor axes of 2.00 and 1.47 cm, respectively (Figs. 5 and 6 ). This tank geometry was chosen for the test program because of its similarity with the liquid-oxygen tank used on the Centaur vehicle. The tank was fabricated in two halves and bolted together with an O-ring seal as illustrated in Fig. 6 .
The liquids used in the zero-gravity tests were e5hanol and FC-43. near 0 contract acgle on the spheroidal tank walls. The near 0 contact angle characteristic is identical with that of liquid oxygen on the Centaur liquid-oxygen-tank surface. Other key properties of the test liquids and liquid oxygen (i.e., surface tension, density, and viscosity) are presented in Table I .
It would have desirable to select fluids for the experimental program that had viscosity close to that of liquid oxygen. However, the results presented in Ref. 2 indicate that low-viscosity fluids take so long to form the zero-gravity liquid-vapor interface configuration that the 5-sec drop time would not be sufficient to allow the subsequent acceleration of the test tank. Consequently test fluids with a significant variation in viscosity were selected to determine whether the numerical analysis correctly accounted for viscosity effects.
Test Setup and Procedure cleaned ultrasonically so that surface contamination was avoided. Immediately before each test the tank was rinsed with a solution of distilled water, dried in a warm air dryer, and then rinsed with the test liquid. After rinsing, the tank was filled to the desired liquid level with a syringe, hermetically sealed, and mounted on the test vehicle.
cradle on which the test tank was mounted was leveled to ensure that the ellipsoidal tank was oriented properly before and during the drop. After the tank was mounted and the vehicle balanced, the entire drop package was suspended from the top of the facility. The facility vacuum chamber was then closed and pumped down and the drop package was released. At package release the lights and the motion picture camera were activated. Approximately 2 sec after release lateral acceleration was applied to the experimental apparatus, and the test tank traversed the linear bearing.
Both liquids exhibited a Before each series of tests the test tank was
The entire test vehicle was balanced and the 2 Data A n a l y s i s
The d a t a obtained i n t h i s i n v e s t i g a t i o n were c o l l e c t e d d u r i n g t h e f r e e -f a l l p e r i o d by a high-
speed motion p i c t u r e camera. I n f o r m a t i o n on t h e z e r o -g r a v i t y l i q u i d -v a p o r i n t e r f a c e c o n f i g u r a t i o n was taken from t h e f i l m by using a f i l m analyzer. From t h e analyzer t h e observed i n t e r f a c e shape c o u l d be d i r e c t l y p l o t t e d a t v a r i o u s times througho u t t h e drop. I n t h e t e s t f i l m s t h e general outl i n e o f t h e i n t e r f a c e was defined by a dark band. The p o i n t s used f o r p l o t t i n g t h e i n t e r f a c e shape followed t h e o u t e r perimeter o f t h i s dark band (Fig. 6) . about t h e e l l i p s o i d c e n t e r l i n e b e f o r e and d u r i n g t h e drop, t h i s o u t e r perimeter corresponded t o t h e p a r t o f t h e i n t e r f a c e l o c a t e d i n t h e p l a n e d e f i n e d b y t h e e l l i p s o i d c e n t e r l i n e and t h e tank minor axis.
Because o f symmetry o f t h e i n t e r f a c e T h i s observed i n t e r f a c e , however, became d i sThe c o n s t a n t l y present r e f r a c t i o n o f t h e t o r t e d by r e f r a c t i o n e f f e c t s and a t times because o f t h e angle a t which t h e camera viewed t h e t e s t tank. observed i n t e r f a c e was caused by t h e w a l l s o f t h e e l l i p s o i d a l tank and a l a y e r o f t e s t l i q u i d .
Another f o r m o f d i s t o r t i o n was c r e a t e d when t h e c o n t a i n e r was moved d u r i n g a drop. occurred, t h e tank s t a r t e d a t one end o f t h e l i n e a r b e a r i n g t r a c k and t r a v e l e d t o t h e o t h e r end. The camera d i d n o t move w i t h t h e tank (because o f hardware l i m i t a t i o n s discussed prev i o u s l y ) b u t i n s t e a d was mounted approximately halfway along t h e d i s t a n c e t h e t e s t tank traveled. T h i s caused a p a r a l l a x e f f e c t when t h e tank was n o t a t t h e c e n t e r o f t h e t r a c k . t o c o r r e c t f o r t h e r e f r a c t i o n e r r o r alone by using a c a l i b r a t i o n g r i d from which a c t u a l i n t e r f a c e c o o r d i n a t e s c o u l d be determined (see Ref. 3 f o r a d e t a i l e d explanation)
. C o r r e c t i n g f o r p a r a l l a x e f f e c t s i n combination with r e f r a c t i o n , however, was n o t possible. Therefore, when t h e t e s t tank was near t h e ends o f t h e t r a c k , an approximate, o r q u a l i t a t i v e , liquid-vapor i n t e r f a c e ( l o c a t i o n and c o n f i g u r a t i o n ) was determined by s t u d y i n g t h e t e s t f i l m and u s i n g t h e c a l i b r a t i o n g r i d . Fig. 3) were attached t o t h e tank and used f o r r e a d i n g displacement measurements. p o i n t e r was a l i g n e d w i t h t h e camera c e n t e r l i n e when t h e tank was a t t h e f a r end o f t h e t r a c k b e f o r e t h e a p p l i c a t i o n o f t h e i m p u l s i v e accelera t i o n . The o t h e r p o i n t e r became centered i n t h e camera's f i e l d o f view as t h e tank t r a v e l e d across t h e l i n e a r b e a r i n g t r a c k . The use o f two p o i n t e r s and a c o r r e c t i o n f o r p a r a l l a x e f f e c t s allowed f o r accurate displacement readings r e g a r d l e s s o f t h e l o c a t i o n o f t h e tank.
tank was near t h e middle o f t h e t r a c k and was p o s i t i o n e d along t h e o p t i c a l a x i s o f t h e camera lens, t h e c a l i b r a t i o n g r i d c o u l d be employed t o o b t a i n an a c t u a l i n t e r f a c e c o n f i g u r a t i o n . p l o t t h e l a t e r a l a c c e l e r a t i o n c h a r a c t e r i s t i c s o f t h e tank were a l s o obtained from t h e t e s t f i l m . T h i s was accomplished by r e c o r d i n g l a t e r a l d i splacement versus t i m e data from t h e f i l m . p o i n t e r s (
When t h i s I t was p o s s i b l e When t h e I n a d d i t i o n t o t h e l i q u i d -v a p o r i n t e r f a c e Two One Accurate knowledge of t h e t i m e t h e tank f i r s t s t a r t e d t o a c c e l e r a t e was c r i t i c a l i n c o r r e l a t i n g t h e i n i t i a l displacement c h a r a c t e r i s t i c s w i t h t i m e . I n t h i s i n v e s t i g a t i o n t h e s t a r t i n g t i m e was i n d icated by i l l u m i n a t i o n o f a l i g h t -e m i t t i n g diode. T h i s l i g h t -e m i t t i n g diode was a c t i v a t e d when t h e
Since t h e s t r o k e of t h e p i s t o n was u s u a l l y adjusted t o o n l y 1.27 cm, t h e tank experienced a l a t e r a l a c c e l e r a t i o n f o r 0.1 t o 0.2 sec.
The magnitude of t h e a c c e l e r a t i o n was d e t e rmined b y p l o t t i n g displacement (DISP) versus t i m e p o i n t s on log-log graph paper. A curve was f i t t e d t o these p o i n t s by using a slope o f 2; t h e accele r a t i o n (ACC) was then obtained from t h e approp r i a t e i n t e r c e p t o f t h e curve (Fig. 7 i s a t y p i c a l  p l o t ) . A f t e r t h e p i s t o n reached t h e end o f i t s stroke, t h e a c c e l e r a t i o n value went t o zero and t h e v e l o c i t y o f t h e t e s t tank remained n e a r l y cons t a n t . T h i s v e l o c i t y was determined by p l o t t i n g displacement versus t i m e and t a k i n g t h e slope o f t h e p l o t (Fig. 8 ).
The v a r i a t i o n o f experimental c o n d i t i o n s encompassed b y t h e f i v e t e s t s conducted as p a r t o f t h i s program and t h e a n t i c i p a t e d s h u t t l e / C e n t a u r deployment c o n d i t i o n s a r e shown i n Table 11. A l s o i n c l u d e d i n Table I 1 
are t h e c a l c u l a t e d values of t h e t e s t tank a c c e l e r a t i o n s and t h e t o t a l t i m e of t h e a c c e l e r a t i n g impulses.
Test R e s u l t s and Discussion (Fig. 2) . z e r o -g r a v i t y environment (drag on t h e experimental package has an i n s i g n i f i c a n t e f f e c t on t h e r e s u l t s
I n o r d e r t o understand t h e problems associated w i t h t h e dynamics o f low-gravity l i q u i dvapor systems i n e l l i p s o i d a l tanks, t h e i n i t i a l l i q u i d -v a p o r i n t e r f a c e l o c a t i o n b e f o r e any d i sturbance mus be known. The i n i t i a l phase o f t h e determining e q u i l i b r i u m z e r o -g r a v i t y i n t e r f a c e conf i g u r a t i o n s t h a t c o u l d e x i s t i n an e l l i p s o i d . During t h i s f i r s t phase o f t h e study t h e t e s t t a n k was n o t g i v e n an a c c e l e r a t i o n b u t i n s t e a d was clamped t o t h e l i n e a r b e a r i n g i n a f i x e d p o s i t i o n such t h a t t h e tank was a l i g n e d w i t h t h e o p t i c a l a x i s o f t h e motion p i c t u r e camera
) , coupled w i t h s o l i d -l i q u i d -v a p o r combinat i o n s t h a t produced near 0 s t a t i c c o n t a c t angles, r e s u l t e d i n s p h e r i c a l l i q u i d -v a p o r i n t e r f a c e shapes i n s i d e t h e e l l i p s o i d a l tank. The experimental work t h a t e s t a b l i s h e d e q u i l i b r i u m z e r o -g r a v i t y l i q u i d -v a p o r i n t e r f a c e shapes and l o c a t i o n s i s discussed in d e t a i l i n Ref. 2. t e s t p r o g r a 4 was performed w i t h t h e o b j e c t i v e of The
The r e s u l t s described i n Ref. 2 
i n d i c a t e t h a t , depending on t h e s i z e o f t h e vapor bubble, t h e l i q u i d -v a p o r i n t e r f a c e can e x i s t a t several l o c a t i o n s i n an e l l i p s o i d a l tank. T h i s i s t r u e as l o n g as t h e i n t e r f a c e i s able t o meet t h e minimum
energy requirement by forming a sphere w i t h i n t h e w a l l s o f t h e tank. For t h e s h u t t l e / C e n t a u r separ a t i o n dynamics problem, o n l y l i q u i d f i l l l e v e l s g r e a t e r t h a n 70 percent were o f i n t e r e s t . L i q u i d f i l l l e v e l s o f 80 percent o r more r e s u l t e d i n vapor bubbles w i t h diameters small enough so t h a t t h e y c o u l d be accommodated anywhere w i t h i n t h e tank boundaries. As t h e i n t e r f a c e r a d i u s o f c u r v a t u r e increased w i t h reduced f i l l l e v e l s , between 80 and 70 percent, t h e vapor bubble tended t o form i n t h e c e n t e r o f t h e e l l i p s o i d a l tank s i n c e t h i s was t h e o n l y l c c a t i o n where a s p h e r i c a l bubble c o u l d f i t w i t h i n t h e tank boundaries. r i u m zero-grav'ty i n t e r f a c e c o n f i g u r a t i o n s had been acquired,$ t h e experimental i n v e s t i g a t i o n A f t e r a b e t t e r understanding o f t h e e q u i l i b -
would be a t the assumed worst-case l o c a t i o n (i.e., a t t h e f a r t h e s t extreme from t h e c e n t e r o f t h e tank, thus p r o v i d i n g a maximum center-ofg r a v i t y o f f s e t ) before t h e s t a r t o f t h e impulsive a c c e l e r a t i o n f o r t e s t s 1, 2, and 3. Test condit i o n s , l i q u i d s , and f i l l l e v e l s were chosen so t h a t t h e t i m e t o form a n e a r l y quiescent i n t e r f (Fig. 9 ( b ) ) . This t r a ns i e n t motion displaced t h e bubble along t h e major a x i s (Fig. 9 ( c ) ) t o the o t h e r s i d e o f t h e tank, where t h e l i q u i d motion damped and t h e vapor bubb l e became s t a b l e ( F i g . 9 ( d ) ) . The process j u s t described was w e l l understood f r o m t h e f i r s t phase o f t h e experimental work and took approximately 2.5 sec.
Upon e n t r y i n t o t h e l o w -g r a v i t y Once t h e i n t e r f a c e became quiescent, t h e l a t e r a l a c c e l e r a t i o n was a p p l i e d t o t h e t e s t tank. J u s t a f t e r t h e a c c e l e r a t i o n was applied, t h e vapor bubble s t a r t e d t o move from t h e c e n t e r o f t h e tank toward t h e l e f t w a l l (Fig. l O ( a ) ) .
(The f o r c e was a p p l i e d t o t h e r i g h t side o f t h e tank as viewed from t h e camera.) f o r approximately 0.1 sec, a geyser appeared t o form and t h e vapor bubble became h i g h l y deformed ( F i g . 10(b). When the p i s t o n reached t h e end o f i t s s t r o k e and t h e applied f o r c e was no longer present, t h e geyser collapsed -l e a v i n g an i n t e r - Fig. 1 0 ( d Fig. 1 0 ( f ) ) .
f a c e t h a t appeared t o have no d i s t i n c t shape ( F i g . l O ( c ) ) . However, i n a very s h o r t t i m e (approximately 0.4 sec) a f t e r t h e a c c e l e r a t i o n became zero, t h e i n t e r f a c e again appeared t o be dominated by c a p i l l a r y f o r c e s and s t a r t e d t o t a k e on a s p h e r i c a l shape (
) ) . As t h e e l l i ps o i d a l tank continued t o move across t h e track, t h e i n t e r f a c e t r a v e l e d from t h e l e f t s i d e t o t h e r i g h t s i d e o f t h e tank ( F i g . l O ( e ) ) . Toward t h e end o f t h e drop period t h e l i q u i d motion damped, and t h e l i q u i d -v a p o r i n t e r f a c e appeared t o be forming i t s e q u i l i b r i u m s p h e r i c a l z e r o -g r a v i t y c o n f i g u r a t i o n (
F i g u r e 11 shows p l o t s o f t h e l i q u i d -v a p o r i n t e r f a c e corresponding t o some o f t h e photographs j u s t described.
A f t e r t h e f o r c e had been a p p l i e d Figure l l ( a ) i l l u s t r a t e s t h e i n i t i a l c o n d i t i o n o
f t h e l o w -g r a v i t y i n t e r f a c e b e f o r e any impulse. t h e f i r s t phase o f t h e experimental program.
Figures l l ( b ) and ( d ) correspond t o times when t h e i n t e r f a c e was d i s t o r t e d due t o r e f r a c t i o n and para1 l a x and t h e r e f o r e a r e q u a l i t a t i v e i n t e r p r et a t i o n s o f t h e observed i n t e r f a c e (determined as described i n t h e s e c t i o n "Data Analysis"). A more accurate i n t e r f a c e shape was p l o t t e d when t h e tank was near t h e middle o f t h e t r a c k ( F i g . l l ( c ) ) . Note t h a t t h i s p l o t i s n o t complete, however, because r e f r a c t i o n was p a r t i c u l a r l y h i g h near t h e edge of t h e e l l i p s o i d a l tank. T h i s p l o t was d e r i v e d from
Four o t h e r i m p u l s i v e a c c e l e r a t i o n runs were performed and each r u n had s i m i l a r r e s u l t s .
F i g u r e s 12 t o 15 a r e p l o t s , s i m i l a r t o F i g . 11, of t h e l i q u i d -v a p o r i n t e r f a c e c o n f i g u r a t i o n a t key times d u r i n g t e s t runs 2 t o 5, r e s p e c t i v e l y . every r u n b u t one ( t e s t 3, which had t h e lowest i m p u l s i v e a c c e l e r a t i o n ) a geyser formed, and i n a l l t e s t s t h e vapor bubble remained i n t a c t and was becoming s t a b l e near t h e end o f t h e t e s t period.
T h i s p a r t o f t h e program was performed t o p r o v i d e d a t a f o r t h e v e r i f i c a t i o n o f a computer code and d i d n o t a c t u a l l y s c a l e Centaur tank conf i g u r a t i o n o r f l i g h t c o n d i t i o n s . Time c o n s t r a i n t s p e r m i t t e d o n l y a l i m i t e d number o f t e s t s t o be made. Consequently no attempt was made t o develop c o r r e l a t i n g parameters r e l a t i n g t h e i n f l u e n c e o f t h e i m p u l s i v e l a t e r a l a c c e l e r a t i o n t o t h e observed behavior o f t h e l i q u i d and t h e vapor w i t h i n t h e t e s t tank. I n Numerical Modeling The NASA-VOF3D computer code4 was used t o p r o v i d e ( 1 ) an a n a l y t i c a l comparison w i t h t h e r e s u l t s from t h r e e o f t h e p r e v i o u s l y described t e s t s , thus p r o v i d i n g a v a r i a t i o n i n both l i q u i d f i l l l e v e l and f l u i d p r o p e r t i e s , and ( 2 ) an a n a l y ti c a l p r e d i c t i o n o f t h e Centaur l i q u i d oxygen motion r e s u l t i n g from t h e deployment o f t h e v e h i c l e from t h e s h u t t l e cargo bay, assuming a worst-case i n it i a l l o c a t i o n f o r t h e vapor bubble. The NASA-VOF3D program simulates three-dimensional incompressible f l o w s w i t h f r e e surfaces by u s i n g t h e volume-off l u i d algorithm. I t i s s p e c i f i c a l l y designed t o p r e d i c t l i q u i d f l o w s i n a l o w -g r a v i t y environment,
where t h e f r e e s u r f a c e physics must be a c c u r a t e l y t r e a t e d . The computational technique i s based on t h e use o f donor-acceptor d i f f e r e n c i n g t o t r a c k t h e f r e e surface across an E u l e r i a n g r i d . p u t e r codes developed a t t h e Los Alamos N a t i o n a l Laboratory under an interagency agreement w i t h NASA Lewi . The f i r s t o f these codes, NASA SOLA-VOF,2*is a two-dimensional program w r i t t e n s p e c i f i c a l l y f o r s i m u l a t i n g t h e axisymmetric d r a i ni n g o f spacecraft p r o p e l l a n t tanks. The r e c e n t l y r e 1 eased NASA-VOF2D6 and NASA-VOF3D programs cont a i n several improvements over t h e NASA SOLA-VOF code.
NASA-VOF3D i s t h e l a t e s t o f a f a m i l y o f com-
--* A l l t h r e e computer codes are a v a i l a b l e , f o r a nominal fee, from t h e N a t i o n a l Energy Software Center, Argonne N a t i o n a l Laboratory, Argonne, I 1 1 i nois.
-
The NASA-VOF3D program, l i k e i t s NASA-VOF2D predecessor, i s h i g h l y s t r u c t u r e d so t h a t i n d iv i d u a l components may be e a s i l y m o d i f i e d t o f i t s
p e c i f i c problems o r t o accept subsequent code upgrades. T h i s approach a l l o w s g r e a t e r e f f i c i e n c y i n operation, s i m p l i f i e s problem setup, and f a c i li t a t e s code m o d i f i c a t i o n .
Although NASA-VOF3D can r u n many problems w i t h o u t a l t e r a t i o n , a s p e c i f i c a p p l i c a t i o n w i l l g e n e r a l l y r e q u i r e program a l t e ra t i o n s f o r s p e c i a l i n f l o w o r o u t f l o w p o r t s , comp l i c a t e d geometries, o r unusual i n i t i a l conditions. Seldom does anything have t o be deleted; r a t h e r t h e m o d i f i c a t i o n s are u s u a l l y a d d i t i o n s t o t h e e x i s t i n g s t r u c t u r e . v e r y s i m i l a r i n two and t h r e e dimensions, t h e reader w i l l f r e q u e n t l y be r e f e r r e d t o t h e NASA-VOFPD r e p o r t 6 f o r a f u l l e r d e s c r i p t i o n o f t o p i c s ment i o n e d i n t h i s paper. I n p a r t i c u l a r , Ref. 6 
d i scusses t h e developments l e a d i n g t o t h e use o f SOLA-VOF methodology i n l o w -g r a v i t y l i q u i d flows. NASA-VOF3D i n c o r p o r a t e s t h e NASA-VOFPD improvements i n donor-acceptor d i f f e r e n c i n g , i n t h e a b i li t y t o a c c u r a t e l y model curved boundaries, and i n t h e i n c l u s i o n o f a conjugate r e s i d u a l o p t i o n as w e l l as a successive-overrelaxation (SOR) o p t i o n f o r advancing t h e pressures (and v e l o c i t i e s ) i n t i m e throughout t h e computing mesh. r e s i d u a l method i s v e c t o r i z e d f o r t h e Cray comp u t e r and employs a scaled c o e f f i c i e n t m a t r i x . was found t o be necessary f o r accuracy t o r a d ic a l l y a l t e r t h e procedure f o r c a l c u l a t i n g threedimensional s u r f a c e t e n s i o n e f f e c t s , as w i l l be explained i n t h e f o l l o w i n g section. s o l u t i o n o f t h e Navier-Stokes equations f o r an incompressible f l u i d . These equations apply a t every p o i n t i n s i d e t h e f l u i d . The complete
Navier-Stokes equations f o r an incompressible f l u i d a r e solved by f i n i t e d i f f e r e n c e s , w i t h t h e s u r f a c e t e n s i o n e f f e c t s included. Several s e t s o f q u a n t i t i e s must be incremented t o advance t h e c a l c u l a t i o n through one t i m e step. procedures i s a p p l i e d t o a l l computational c e l l s open t o flow; o t h e r procedures are a p p l i e d t o f l u i d c e l l s only, w i t h a l t e r n a t i v e procedures f o r surface c e l l s .
The f r e e surfaces a r e t r e a t e d by i n t r o d u c i n g a f u n c t i o n F t h a t i s d e f i n e d t o be u n i t y a t any p o i n t occupied by t h e l i q u i d , and zero elsewhere. When averaged over a c e l l o f t h e computing mesh, t h e value o f F represents t h e f r a c t i o n a l volume of t h e c e l l occupied by l i q u i d . C e l l s w i t h F
o n t a i n voids (bubbles) s m a l l e r than c e l l mesh dimensions. The F f u n c t i o n i s used t o determine which c e l l s c o n t a i n a f r e e surface bounda r y and where t h e l i q u i d i s l o c a t e d i n t h e c e l l s .
Gradients o f F determine t h e mean l o c a l surface normal and t o g e t h e r w i t h F values p e r m i t cons t r u c t i o n o f an approximate i n t e r f a c e . Surface t e n s i o n and w a l l adhesion f o r c e s may then be computed. The s p e c i a l requirements f o r c o n s t r u c t i o n of g r a d i e n t s o f t h e step f u n c t i o n F are d i sciissed i n Ref. 6 . 
I t
The b a s i c NASA-VOF a l g o r i t h m i s based on the One s e t o f T h i s s e c t i o n b r i e f l y describes t h e numerical
Only t h e key f e a t u r e s and l i m i t a t i o n s o f t h e programs are presented; f o r more d e t a i l examine Refs. 4 and 6. The programs use an E u l e r i a n frame and a l l o w f o r an a r b i t r a r y number o f f r e e s u r f a c e segments w i t h any reasonable shape. V a r i a b l e mesh spacing i s p e r m i t t e d i n a l l c o o r d i n a t e d i r e c t i o n s , as i s necessary f o r e f f i c i e n t numerical s o l u t i o n o f many problems. b i l i t y i s s u b j e c t t o reasonable requirements f o r avoiding neighboring c e l l s o f g r o s s l y d i f f e r e n t s i z e and c e l l s o f l a r g e aspect r a t i o . t i o n a l mesh are imposed i n a standard way b y t h e use o f f l a g s denoting t h e tank walls. o f boundary c o n d i t i o n s , if needed, must be supp l i e d by t h e user and placed i n a s p e c i a l subrout i n e . An example o f t h e use o f s p e c i a l boundary c o n d i t i o n s (i.e., a tank d r a ' n h o l e ) i s contained i n t h e NASA SOLA-VOF r e p o r t . The program s p e c i f i e s t h e l o c a t i o n o f obstac l e s and t h e i n i t i a l l o c a t i o n s o f l i q u i d , vapor, and liquid-vapor i n t e r f a c e s . When appropriate, a l i q u i d -v a p o r i n t e r f a c e may be c a l c u l a t e d as an e q u i l i b r i u m surface; otherwise i t s shape must be s p e c i f i e d b y t h e user i n advance. The i n i t i a l l i q u i d v e l o c i t i e s are s p e c i f i e d as constant o r zero. I t would, i n p r i n c i p l e , be p o s s i b l e t o t a k e t h e l i q u i d t o be i n i t i a l l y i n nonuniform motion. However,
i t i s very r a r e f o r a dynamic v e l o c i t y f i e l d t o be known w i t h s u f f ic i e n t p r e c i s i o n t o be s u i t a b l e as an i n i t i a l cond i t i o n . Although t h e pressure f i e l d i s i n i t i a l l y zeroed, t h i s comnand may be overridden t o produce a h y d r o s t a t i c head as t h e system's i n i t i a l pressure f i e l d . I t i s important t h a t an accurate i n i t i a l pressure f i e l d be employed s i n c e problems w i t h poor i n i t i a l pressure d e f i n i t i o n may have d i f f i c u l t y .
A l l t h e surface physics algorithms developed f o r NASA-VOF2D were improved and generalized duri n g t h e development o f t h e three-dimensional modeling c a p a b i l i t y . f ace c u r v a t u r e can be c a l c u l a t e d a l g e b r a i c a l l y , and one c u r v a t u r e must be computed by f i n i t ed i f f e r e n c e approximations. Moreover t h e algebrai c a l l y determined c u r v a t u r e i s t y p i c a l l y t h e l a r g e r one i n t h e c r u c i a l near-axis c e l l s , I n t h r e e dimensions b o t h s u r f a c e curvatures must be computed by l e s s accurate f i n i t e -d i f f e r e n c e approximations. I n a d d i t i o n , considerable r e f i n ement o f t h e two-dimensional s u r f a c e t e n s i o n algor i t h m s was necessary d u r i n g t h e development o f t h e three-dimensional computer code. Reference 4 contains a d e t a i l e d d i s c u s s i o n o f how these surf a c e physics e f f e c t s were accounted f o r numerically. a r e a l i s t i c w a l l adhesion a l g o r i t h m f o r twodimensional problems ( i t i s a standard f e a t u r e o f NASA-VOF2D). T h i s t u r n e d o u t t o be o f c r u c i a l importance i n c a l c u l a t i n g such f l o w f e a t u r e s as t h e leading-edge l i q u i d v e l o c i t y i n a p r o p e l l a n t r e o r i e n t a t i o n problem.
was accomplished (1) by d e f i n i n g a c e l l index a r r a y t h a t s p e c i f i e s whether t h e w a l l adhesion o p t i o n o r t h e surface t e n s i o n o p t i o n i s t o be selected and ( 2 ) by d e f i n i n g angles, c o n s i s t e n t w i t h t h e tank geometry, t h a t determine t h e d i r e ct i o n i n which any w a l l adhesion f o r c e i s t o act. 
I n two dimensions t h e t a s k
In two dimensions the wall adhesion calculation is simplified because the force points either up or down the tank wall. effect of liquid contact angle since the contact angle is usually very small. In contrast, a successful three-dimensional algorithm must introduce an additional angle, redefined for each computational cycle, that determines in what direction the wall-adhesion force is to point.
The present version of the three-dimensional program does not permit the accurate calculation of wall adhesion except for straight-walled cells; in general, it forces the cell indicator flags to choose the surface tension option. The inclusion of a realistic wall adhesion calculation into the surface physics routines is one of the principal tasks that must be accomplished if NASA-VOF3D is to evolve into a truly general-purpose code. ever, it is emphasized that the present program still has a very significant range of applicability that permits a wide range of design questions to be meaningfully addressed. For example, questions concerning the bulk motion of fluid in a given geometry may be addressed without the interaction of the liquid and its tank wall being predicted with high accuracy.
Analytical Results and Discussion
(tests 1, 4, and 5 in Table 11 ) were numerically modeled. Inputs to the NASA-VOF3D computer code included liquid properties (Table I) (Fig. 16(f) ) when significant vapor bubble motion was no longer observed and the vapor bubble began to break up. Comparing the experimental data generated in VOF3D numerical modeling output led to the conclusion that the computer code could be used to predict liquid-oxygen motion in the Centaur veh cle. experimental and numerical results for the duration of the accelerating force. During this t Excellent agreement existed between the -me 6 most of the liquid motion took place and the highest liquid velocities were calculated. At later times, in contrast to the experimental observations, the numerically generated ullage fragmented, probably reflecting the continuing difficulty in accurately modeling surface-tension-dominated fluid dynamic phenomena. However, before the ullage broke up, the liquid motion had significantly subsided, as observed experimentally and determined numerically. Since the liquid momentum flux was proportional to the square o f the liquid velocity, this numerical inaccuracy should not affect the ultimate objective, the prediction of the liquidoxygen propellant and Centaur vehicle motion in response to an impulsive acceleration.
Similar to the numerical modeling of the experimental data from the Zero-Gravity Facility, the NASA-VOF3D computer code was employed to predict th liquid oxygen motion in the Centaur to the code included liquid-oxygen properties (Table I) , the vapor bubble geometry and its assumed worst-case initial location (maximum displacement of the liquid center of gravity from the Centaur vehicle centerline), the tank geometry, and the characteristics of the applied acceleration (Table 11) The results of the NASA-VOF3D modeling effort
The numerical output of the NASA-VOF3D com-
Concluding Remarks
The NASA Lewis Research Center, during the past two decades, has been a leading developer of low-gravity fluid management technology. Recent analytical and experimental efforts have addressed the potential problem associated with the separation of the Centaur vehicle from the shuttle o r b i t e r . Lewis Zero-Gravity F a c i l i t y were used t o assess t h e c a p a b i l i t i e s o f t h e NASA-VOF3D computer code, developed under an interagency agreement w i t h the Los Alamos N a t i o n a l Laboratory. The NASA-VOF3D program was t h e n employed t o p r e d i c t t h e l i q u i doxygen p r o p e l l a n t motion and pressure f i e l d w i t h i n t h e Centaur tankage d u r i n g t h e planned deployment maneuver.
Based on t h e experimental and a n a l y t i c a l work performed i t was concluded t h a t no hazardous vehic l e motion would have r e s u l t e d from t h e Centaur s e p a r a t i o n maneuver i f t h e p r o p e l l a n t tanks were n e a r l y f u l l . Although t h e s h u t t l e / C e n t a u r development a c t i v i t y has been suspended, t h e problem s o l u t i o n presented serves t o i l l u s t r a t e t h e capab i l i t i e s o f t h e NASA-VOF3D computer code and t h e 
